An endo-exonuclease has been purified from cultured monkey (CV-1) cells. The enzyme which was purified to near homogeneity to be a 65 kDa monomeric protein.
INTRODUCTION
In prokaryotes, deoxyribonucleases (DNases) have been shown genetically to be important in normal metabolic processes such as DNA repair and recombination (1, 2) . The nuclease activity associated with the Escherichia coli recBCD gene products has been found to be required for the major fraction of host recombination and also for Chi-stimulated recombination of lambda bacteriophage (3) .
In the past decade, similar recBCD-hke deoxyribonucleases have been purified from three lower eukaryotes (4) (5) (6) (7) (8) (9) . These eukaryotic recBCD-Yike deoxyribonucleases have activities with both ss-DNA (endonudeolytic) and ds-DNA (major exonucleolytic, minor endonudeolytic); thus they are termed endo-exonucleases. The endo-exonucleases from the various eukaryotic sources studied so far, have demonstrated that they share common antigenic epitopes with the E.coli recBCD nuclease. Rabbit polyclonal antibody raised against the N. crassa endo-exonuclease has been shown to crossreacts with the endoexonucleases from other species (10, 11) . Genetic evidence involving the expression of the cloned endo-exonuclease genes its mutation analysis from Saccharomyces cerevisiae (Chow, Perkins, and Resnick, unpublished results) has demonstrated a role of the endo-exonuclease in DNA recombination and repair processes. Furthermore, the expression of the Neurospora crassa (T. Chow, unpublished results) endo-exonuclease in E.coli increases the cell survival after exposure to UV and gamma radiation. A new recombination model has been purposed by Rosenberg and Hastings (12) in which the action of the endoexonuclease is an integral part of the process.
In this study, we have extended the above observations to show that a similar endo-exonuclease is present in cultured mammalian cells, namely in CV-1 and its transformed line COS-1. The enzymatic properties of this mammalian endo-exonuclease are very similar to those of prokaryotes and of fungi, thus suggesting its a possible candidate as a DNA recombination/repair nuclease. Furthermore, the amount of the endo-exonuclease appears to be greater in the transformed COS-1 cells as compared to the CV-1 cells.
suspensions were centrifuged in the cold at 10,000 Xg for 15 minutes. The supernatants (crude extracts) were saved and the pellets were discarded.
Purification of Endo-exonuclease
Crude extracts from CV-1 or COS-1 cells were loaded onto an antibody-protein A-Sepharose affinity column (6) . After washing extensively with buffer A containing 75 mM NaCl, until the OD2so of the wash was near zero, 3.5 M MgCl 2 (buffered with 20 mM Tris-HCl, pH 7.5) was applied to the column to strip off the protein. The protein fractions from the step gradient were dialyzed extensively against buffer A overnight with at least two changes of fresh buffer.
Nuclease Assay
Deoxyribonuclease activities were determined by measuring the release of acid-soluble radioactivity from 32 P-labeled heat denatured or native linearized pBR322 plasmid DNA (specific activity 1-2X10 5 cpm//xmole) according to the method described by Chow and Resnick (6) . The assay mixture contained 100 mM Tris-HCl pH 8.0, 10 mM MgCl 2 , and 17 ng of 32 Plabelled linearized plasmid DNA. One unit of activity is defined as the amount of deoxyribonuclease which renders 1 fig of DNA acid-soluble in 30 min at 37 °C. The plasmid was labeled using a random oligo-priming kit (Pharmacia Fine Chemical). Ribonuclease activity was determined by the appearance of small fragments upon electrophoresis in 1.5% agarose gel (20 mM MOPS, 5 mM Sodium acetate, 0.7 mM EDTA and 5% formaldehyde) with poly-rA substrate using the same assay condition.
SDS-Polyacrylamide Gel Electrophoresis
SDS-polyacrylamide gel electrophoresis of the protein preparations were performed according to the method of Laemmli (13) . Protein bands were visualized by Coomassie Blue staining.
Sucrose Density Sedimentation Centrifugation
The native molecular weight of the mammalian endo-exonuclease was estimated from its sedimentation coefficient obtained by sucrose density gradient centrifugation using bovine hemoglobin as a marker protein. Sedimentation coefficients from sucrose density gradient were determined according to the method of Martin and Ames (14) by centrifugation in linear 5-20% sucrose gradients in 20 mM Tris-HCl pH 7.5 containing 5 mM EDTA. Each fraction was assayed for ss-DNase activity as described above and for hemoglobin by measuring the OD^.
Protein Determination
Protein determinations were performed according to the dye method of Bradford (15) . Bovine serum albumin was used as the protein standard.
Mode of Action of Endo-exonuclease
Superhelical pBR322 DNA was treated with 5 units of the purified mammalian endo-exonuclease at 37 °C. Reactions were stopped by the addition of solution containing 5 mM EDTA, 1 % SDS, 30% glycerol, and bromophenol blue. The resulting mixtures were then loaded onto a 0.7% agarose gel and electrophoresed for 3 hours at 70 V. The gels were stained with 100 ml of 0.5 /ig/ml ethidium bromide solution.
The mode of degradation of ss-and ds-DNA (distributive or processive) was determined by examining the effects of additions of excess unlabeled DNA on the degradation of [ (18) .
Cleavage reactions with the synthetic Holliday junction substrate were carried out at 37°C for various length of time in cleavage buffer (100 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 1 mM dithiothreitol). Reactions were stopped with the addition of 1 /il 0.5 M EDTA, and the DNA products visualized by electrophoresis through a 10% polyacrylamide gel using a Trisborate buffer. Resolvase-like activity would be expected to generate linear duplex products.
Immuno-dot Blot
Extracts from CV-1 and COS-1 were spotted onto Hybond-N membrane (from Amersham) under vacuum with a Dot Blot apparatus (from Tyler). The membrane was exposed to ultraviolet light for 5 min and then treated with rabbit antiserum raised against the N. crassa endo-exonuclease according to the method described by Towbin et al. (19) . The membrane was enclosed in a boiling pouch with 10-15 ml of buffer B (10 mM TrisHCl, pH8.0, 1 mM EDTA, 150 mM NaCl) containing 2% skim milk powder, and incubated for a minimum of 3 hours with gentle agitation at room temperature (approximately 23°C). The membrane was rinsed for a total of 45 min at room temperature in three changes of buffer B, resealed in a boiling pouch with 10-15 ml buffer B containing skim milk powder, and incubated for at least 1.5 hour at room temperature with horseradish peroxidase conjugated protein A. The blot was then rinsed at room temperature for 15 min in buffer B, for 30 min in buffer B containing 1 M NaCl, and for 15 min again in buffer B. The immune-crossreacting material was visualized via the horseradish peroxidase reaction. indicated that unless a rapid purification method was developed, the intact cross-reacting protein would be difficult to isolate as the cross-reactive protein was rapidly reduced upon aging the extracts. To overcome this problem, we utilized an antibodyprotein A-Sepharose affinity column which had been used previously for isolating the Saccharomyces cerevisiae endoexonuclease (6) . Since recent results with the Saccharomyces cerevisiae endo-exonuclease gene (RNC1) shown that the yeast endo-exonuclease is a chimeric protein contained GTP-binding homologous protein sequences at its N-terminal region and nuclease domain at its C-terminal (Chow, Perkins, and Resnick, unpublish results), the purified mammalian protein were confirmed with a rabbit antibody raised against the yeast endoexonuclease protein which specifically recognize the nuclease domain to eliminate the possibility of isolating a GTP-binding protein.
RESULTS

Purification of Endo-exonuclease
The proteins of the crude extract of CV-1 cells were resolved into two peaks when the extracts were applied to the affinity column. Almost all of the protein (99% or more) passed though the column, while the remainder, less than 1 % of the total protein, was eluted with a buffer containing 3.5 M MgCl 2 (data not shown). The MgCl 2 -eluted protein appeared as a single polypeptide of M r 65000 on an SDS-polyacrylamide gel ( Fig. 1 ) and solubilized both ss-DNA and ds-DNA (Fig.2) . The MgC^-eluted protein was characterized further by centrifugation through 5 -20% sucrose density gradient. The peak of ss-DNase activity sedimented just behind of the peak of the hemoglobin marker protein (data not shown). The native molecular weight of the protein was estimated to be 60000-70000, in agreement with the polypeptide results. Immunoblot with the crude extract and the purified protein confirmed the the 65 kDa protein is the only protein cross-reacts with the antibody (data not shown). The specific activity of the purified protein is 256 U/mg and a purification factor of 25.
Mode of Action by the Nuclease with Different Substrates
The purified mammalian nuclease solubilized ssDNA, dsDNA (Fig. 2) and poly-rA (data not shown). The nuclease was also able to relax superhelical pBR322 DNA suggesting that the mode 12 3 4 5 6 of action was endonucleolytic. The nuclease further acted on the relaxed circular molecules to yield linear double-strand DNA; this was followed by the generation of smaller fragments (Fig. 3,  lane 2-6 ).
The mode of action with ss-DNA as substrate appears to be non-processive, but with ds-DNA it is processive (Fig. 4, panel  a and b) . The addition of a 50-fold excess of cold ss-DNA to a ssDNase reaction mixture immediately reduced the rate of release of acid-soluble radioactive products (Fig. 4, panel a) . On the other hand, the addition of a 50-fold excess of cold ds-DNA to the ds-DNase reaction mixture did not immediately alter the rate of degradation (Fig. 4, panel b) . The activities toward ss-DNA and ds-DNA appeared to reside in the same protein since heat inactivation of the purified nuclease at two different temperatures inactivated both ss-DNase and dsDNase at the same rate (Fig. 5, panel A) . The enzyme was stable at 37°C. The optimal pH for ss-DNase appeared to be 8-9 whereas for ds-DNase was 7-7.5 (Fig. 5, panel B) .
The polarity of the mammalian endo-exonuclease exonucleolytic activity with ds-DNA appears to be 5' to 3' as radioactive products were released immediately from 5' end ^P- labeled ds-DNA, and there was no further release of labeled product detected after 1 min of reaction. On the other hand, none or very little radioactive product was released with 3'-[ 32 P]-labeled ds-DNA substrate up to 10 minuits of digestion. As a control for the reaction, a steady release of 3 H-labeled product was detected with the internally 3 H-labeled dsDNA substrate (Fig. 6) .
Effects of Divalent Metal Ions, NaCl, ATP, and GTP
The ss-DNase, ds-DNase, and RNase activities required divalent actions. Comparable ss-and ds-DNase activities were obtained in the 0.5 -10 mM range for Mg 2+ , but both ss-DNase and dsDNase activities were higher at the lower Mg 2+ concentrations tested ( Table 1 ). The optimal Mg 2+ concentration for ss-DNase was 0.5 mM whereas for ds-DNase it was 2.5 mM. The ratio of ssDNase/dsDNase activity increased from 1.3 to 2.2 as the concentration of the Mg 2+ lowered from 10 mM to 0. Table 2 . Effects of NaCl, ATP, and GTP on the ss-and ds-DNase activities of the mammalian cndo-exonuclease. Standard assays at 37°C with ss-or ds-DNase activity in presence of lOmM Mg 2+ is equal to 100%. in the reaction mixture synergistically activated the nuclease activities ( Table 1 ). The addition of increasing NaCl concentrations to the assay mixtures containing 10 mM Mg 2 * markedly reduced the DNase activities of mammalian endo-exonuclease. The reductions of both ssDNase and dsDNase activities occurred in parallel (Table 2) .
B
Because the nuclease activities of putative recombination nucleases of E.coli (1, 20) , N. crassa (21) , and U. maydis (22, 23) were sometimes affected by ATP, and because S.cerevisiae endoexonuclease was recently shown to contain a region homologous to a GTP-binding site (Chow, Perkins, and Resnick, unpublished results), we examined the effects of ATP and GTP on the purified mammalian endo-exonuclease. In general, both the ss-and dsDNase activities were slightly inhibited by ATP and GTP duplex product (0.1-1.0 mM). With GTP, however, there may have been a slight enhancement of dsDNase activity at a concentration of 0.1 mM (Table 2) .
Interaction with a Synthetic .Holliday Junction
The purified mammalian endo-exonuclease was assayed for its interaction with a synthetic Holliday junction (18) . The presence of the purified endo-exonuclease retarded the migration of the junction molecules on 4% polyacrylamide gel under conditions where the nuclease activities were inhibited. The interaction between the mammalian endo-exonuclease appears to be specific as no retardation was detected with neither ss-DNA nor with ds-DNA (Fig. 7A) . When EDTA was replaced by 10 mM Mg 2+ , the junction was cleaved to form fragment with gel mobilities corresponding to the expected product duplex DNA molecules as the reaction time increased (Fig. 7B) .
Comparison of Immune-crossreactive materials in CV-1 and COS-1 Cells
The expression of the endo-exonuclease from N. crassa, A. nidulans, and 5. cerevisiae was maximal during logarithmic phase of growth, suggesting that endo-exonuclease may have a role other than in DNA recombination or repair. To analyze whether the mammalian endo-exonuclease behaves similarly, we compared the immune-crossreactive materials in crude extracts of CV-1 cells with those from COS-1 cells. The growth rate of the two cell type was the same; they both reached confluence with the same number of seeded cells at the same time duration. The amount of protein in COS-1 which interacted with the antibody was qualitatively four-fold higher than in CV-1 (data not shown). This increase was not likely due to an alteration of the protein as the specific activity and enzymatic characteristics of the enzyme from CV-1 and COS-1 were the same.
DISCUSSION
We have purified and characterized a nuclease from mammalian cells which cross-reacts with an antibody raised against N. crassa endo-exonuclease (5). This antibody exhibits specificity in that it did not cross-react with Micrococcus nuclease, Aspergillus S) nuclease, or other nucleases with ss-DNase activity (11) . On the other hand, this antibody is specific in recognizing a particular group of nucleases, the endo-exonucleases (5-9,11). This antibody also recognized a single-strand specific endonuclease from the mitochondria of mouse cells which has enzymatic properties similar to the endonuclease activity of endoexonucleases (24) . The specificity of the antibody toward the mammalian endo-exonuclease is demonstrated by its binding to the antibody affinity column ( Figs. 1 and 2 ). The major protein that eluted from the affinity column appears to have a molecular size of 67 kDa (Fig. 1) . The enzymatic characterization of the purified endoexonuclease from CV-1 cells shows that it is very similar in its action on DNAs to the N. crassa ss-DNA-binding endoexonuclease (4, 5) , the A. nidulans endo-exonuclease (8), the U. maydis nuclease (22, 23) , the S.cerevisiae endo-exonuclease (yNucR or RhoNuc) (6, 25) , and the E.coli exonuclease V (1, 20) . In comparing the three endo-exonucleases from N. crassa, S.cerevisiae, A. nidulans, and the CV-1 cells, the mammalian endo-exonuclease is more similar to the endo-exonuclease ofN. crassa than that of yeast. Like the partially purified N. crassa endo-exonuclease, the mammalian enzyme appears to be inhibited by ATP (Table 2 ). The N. crassa enzyme is inhibited by 0.5 mM ATP (21) . However, unlike the N. crassa endo-exonuclease, we have not found any evidence of an inactive precursor of the mammalian enzyme (26) . Immuno-blots of the proteins from freshly prepared cell extracts after electrophoresed on a 10% polyacrylamide gel identified only a major protein of 65 kDa, a molecular size corresponds to the purified endo-exonuclease (Fig. 1) . No protein of size greater than 65000 kDa is crossreacted with the antibody.
The similarities of many of the enzymatic properties and immuno-reactivities between the mammalian endo-exonuclease reported here and the ss strand-specific endonuclease from mouse cell mitochondria (24) suggests the possibility that the two proteins are related. However, the molecular size of the polypeptide from our preparation is much larger than the size of the polypeptide of the mouse mitochondrial endonuclease, 65000 versus 37.4 kDa. The latter is almost identical in size to the yeast mitochondrial endo-exonuclease, 38 kDa (7), and to one of the active polypeptides found in extracts of N. crassa mitochondria (10) . In addition, the activity of the CV-1 cell endo-exonuclease toward ds-DNA substrates is much higher than the activity exhibited by the mouse mitochondrial enzyme. The ratio of ss/dsDNase activity of the endo-exonuclease is 1.3 whereas the mitochondrial enzyme is single-strand-specific. Furthermore, we have analyzed the localization of the mammalian endoexonuclease using an in vivo immuno-florescence method. We have found that the C V-1 cell endo-exonuclease is located in the nuclei (T.Chow, unpublished results). It is possible that the mouse mitochondrial enzyme is an in vitro proteolytic product of a larger endo-exonuclease, much as occurs in extracts ofN. crassa (27, 28) or it could be the product of a distinct gene as is the case for S.cerevisiae (7, 29) . Possible function(s) of mammalian endo-exonuclease in recombination are suggested from its relaxing endonucleolytic activity on supercoiled DNA followed by the production of a double-strand break (Fig. 3) and its processive exonucleolytic digestion of linear double-strand DNA (Fig. 3 and Fig. 6 ). These activities could be important in resolution of the covalent Holliday intermediate on the one hand, and in proposed mechanisms for recombinational double-strand break repair on the other hand (30, 31) . The evidence presented in Figure 7 indicates that the enzyme does cleave a Holliday junction intermediate at least in vitro. The 5'-3' directionality of the processive exonucleolytic activity on ds-DNA would result in the generation of 3'-overhangs for strand-switching in recombination. These are intermediates observed in yeast mating-type switching (32) , and in in vitro homologous DNA recombination observed with plasmid DNA substrates (L. Symington, personal communication), and in nuclear extracts of Xenopus laevis oocytes (33, 34) .
The mammalian endo-exonuclease may have functions other than in recombination and/or repair. Studies of the N. crassa and the S. cerevisiae endo-exonucleases have shown that the protein is expressed maximally during rapid vegetative growth while little or no protein can be detected in extracts of stationary phase cells (4, 25) . The expression of the mammalian endo-exonuclease is much higher in the SV40 transformed COS-1 cells than in the CV-1 cells. Recently, the gene coding for the S.cerevisiae nuclear endo-exonuclease has been cloned (Chow, Perkins, and Resnick, unpublished results). In vitro mutagenesis of the cloned yeast gene generated some mutants which phenotypically resembled cell cycle mutants. The mammalian endo-exonuclease may also have some essential role in mitotic growth. A full understanding of the role of the mammalian endo-exonuclease would facilitated by the isolation of the corresponding gene. These studies are in progress.
